Background MRI is predictive of adverse local tissue reactions (ALTRs) after THA but how MRI directly relates to implant surface wear, fretting, and trunnion corrosion at different articulations between implant components remains unclear. MRI generates high-contrast images to display soft tissues around arthroplasty and may provide a
surgeon the means to distinguish and differentiate hostrelated synovial patterns as a response to either polyethylene wear or metal wear and corrosion products. Questions/purposes The purposes of this study were (1) to correlate findings from MRI in patients who have undergone THA with direct assessment of implant wear, corrosion, and fretting from retrieved components; and (2) to distinguish the unique synovial responses on MRI in patients who have undergone THA based on bearing materials. Methods In this prospective study, patients undergoing THA (181 patients, 187 hips) with metal-on-metal (MoM), hip resurfacing (HRA), metal-on-polyethylene (MoP), ceramic-on-polyethylene, ceramic-on-ceramic, or modular neck designs having revision surgery (between October 2013 and June 2017) underwent preoperative MRI. A single reader blinded to the bearing surface made an assessment of the synovial response (Gwet's AC1, 0.65-0.97); these data were compared with semiquantitative histology of tissue samples by a single reader (Gwet's AC1, 0.92) and semiquantitative wear, corrosion, and fretting analysis of retrieved components using Goldberg scoring (Gwet's AC1, 0.60-0.79). Direct noncontact measurements of implant wear were also made. Correlations and analyses of variance were used to assess associations between metrics and differences by implant type, respectively. Results Correlations were found between MRI synovial thickness with severity of fretting and corrosion damage of the female head-neck trunnion of femoral stems in modular designs (r = 0.26 [95% confidence interval {CI}, 0.12-0.39]; p = 0.015, n = 185) and ALTR grade and volumetric wear in MoM bearings (r = 0.93 [95% CI, 0.72-0.98]; p < 0.001, n = 10). MRI synovial thickness was highest in patients identified with aseptic lymphocytedominated vasculitis-associated lesions and diffuse tissue necrosis. On MRI, MoP hips demonstrated a distinct polymeric synovial response, whereas HRA, MoM, and modular hips more commonly demonstrated ALTR. Hips classified as having a polymeric synovial response on MRI had a greater number of particles present in tissue samples. Conclusions In this study, we demonstrated that MRI of THA can distinguish synovial responses that reflect the bearing type of the implanted THA and correlate to direct measurements of implant wear, corrosion, and fretting and histologic assessment of wear particles in periprosthetic tissues. MRI provides a means of direct, noninvasive visualization of the host-generated synovial response. Patients presenting with painful arthroplasties may be evaluated for the cause of their discomfort, specifically highlighting any concerning synovial reactions that would warrant more prompt surgical intervention. Future studies would benefit from a prospective evaluation of different implants to assess the natural longitudinal history of arthroplasty complications, including the development and prevalence of ALTR across bearing constructs. Level of Evidence Level III, diagnostic study.
Introduction
Osteolysis after THA has been markedly reduced with the introduction of highly crosslinked polyethylene [4] ; however, revision surgery caused by problems arising from the materials used in the bearing couple is still necessary. Ceramic and metal bearing surfaces were developed to reduce wear, osteolysis, and loosening [1] . Ceramic-onceramic (CoC) bearings have low wear rates but may chip, fracture, or squeak [11] . Metal-on-metal (MoM) THA and hip resurfacing arthroplasty (HRA) designs can have annual linear wear rates less than metal-on-polyethylene (MoP) articulations [46] but produce more [15] and smaller wear debris [20] . Wear debris can also be generated from the femoral head-neck taper in THA or at the neck-stem taper in dual modular stem designs. Debris from modular tapers have been implicated in severe adverse local tissue reactions (ALTRs) [3] , commonly referred to as metal debris in surrounding tissues [28] , soft tissue destruction [53] , or the presence of a "pseudotumor" [41] .
Previous researchers have used MRI extensively to evaluate ALTRs, but these studies have focused primarily on MoM or modular designs [16, 26, 45] . Recently, investigating mechanically assisted crevice corrosion in MoP has drawn interest among arthroplasty surgeons [12] as a result of the associated presence of ALTRs, and MRI has been effective for the preoperative assessment of corrosion in patients undergoing MoP THA [10, 35, 40] . MRI for the evaluation of ALTRs has also been applied to ceramic-onpolyethylene (CoP) constructs [5] . Historically, MRI of THA has been challenging because distortions caused by the metallic components of the THA are seen in generated images [24] ; however, new metal artifact reduction sequences, specifically, multispectral imaging (MSI) such as multiacquisition variable resonance image combination (MAVRIC) [23] and others [30] , mitigate these distortions. A limitation of some of these studies is the lack of utilization of MSI sequences to assess ALTRs [7] ; furthermore, most MRI grading protocols typically assign a classification based on visual assessment of the structures surrounding THA. Even with the high variability of these MRI grading methods [2, 50] , the location of ALTR has been correlated with ALTR morphology (wall thickness) [18] . A limitation of these MRI protocols is a lack of a direct correlation to clinically or biologically relevant findings [17, 18, 33, 51] and direct wear measurements. One previous study evaluated the relationship between MRI visualization of ALTR and subsequent retrieval analysis but focused on a single recalled modular system [37] . Given the soft tissue damage and poor outcomes associated with ALTRs, a need exists for an imaging modality that can noninvasively distinguish the synovial response in patients independent of the bearing materials. A patient with a MoP implant may have an ALTR related to tribocorrosion, which may warrant more immediate consideration for revision, as opposed to a more "benign" polymeric synovitis.
Therefore, the purposes of this study were (1) to correlate findings from MRI in patients who have undergone THA with direct assessment of implant wear, corrosion, and fretting from retrieved components; and (2) to distinguish the unique synovial responses on MRI in patients who have undergone THA based on bearing materials.
Materials and Methods
This prospective study had local institutional review board approval. Between October 2013 and June 2017, 234 patients underwent revision of MoM, HRA, CoP, CoC, and metal-on-polyethylene (MoP) modular neck designs at one center (Fig. 1) . Of those, 181 (77% ; Table 1 ) were enrolled in this study. Inclusion criteria were the patient was undergoing revision of primary THA with "revision" defined as an open procedure with change or exchange of any component and preoperative MRI was available for evaluation. The exclusion criterion was patients undergoing MoP THA with < 1 year of implantation. Patients with bilateral THAs were initially part of the exclusion criteria to prevent difficulties in interpreting blood serum metal ion levels, but the exclusion criterion was modified as a result of the limited enrollment of patients undergoing unilateral . All patients were a minimum of 1 year postimplantation, except participants with modular neck designs as a result of a recalled implant (n = 6). Information regarding the retrieved implant designs and reason for revision is provided (Appendix, Supplemental Digital Content). The length of implantation (LOI) varied by implant. Patients receiving MoP implants had the longest LOI. LOI of MoM (7 [2] , mean [SD]) was not different from HRA (7 [3] , p = 0.811) and was longer than modular designs (5 [4] , p < 0.001), CoP (6 [6] , p = 0. 005) but shorter than MoP (12 [8] , p = 0.016). Patient age varied by implant type (p < 0.001) with patients undergoing MoP THA older than those undergoing HRA (MoP: 66 [13] , HRA: 53 [10] , p < 0.001) and CoP (57 [14] , p = 0.002). Patients undergoing MoM THA were older than those undergoing HRA (MoM: 60 [9] , HRA: 53 [10] , p = 0.021).
Preoperative blood draws were performed on all patients to evaluate serum cobalt and chromium, regardless of THA design (Arup Laboratories, Salt Lake City, UT, USA). All testing was performed using standard institutional methods. We sought to use the previously Preoperative MRI was performed on clinical 1.5-T scanners (GE Healthcare, Waukesha, WI, USA) with an eight-channel phased-array cardiac coil (GE Healthcare). Three-plane two-dimensional fast-spin echo images and coronal MAVRIC-SL and MAVRIC-SL STIR images (Table 3) were evaluated by two radiologists (HGP, AJB), one of whom is a musculoskeletal radiologist with > 20 years of experience of imaging near arthroplasty. The images were evaluated for the presence of synovitis (yes/no), type of synovitis (predominantly fluid signal intensity, solid particulate debris [17] , or mixed fluid and particulate debris [37] ), classification of synovium: (1) normal = thin capsule with low signal intensity [44] ; (2) ALTR = thickened, hyperintense capsule, often with a poor zone of demarcation from the muscle signal and architecture of the surrounding muscle and soft tissues envelope, indicating necrosis [38] ; (3) metallosis = low signal intensity deposits located in the capsular lining within the joint or in an extracapsular location, infection = lamellated synovial lining with pericapsular edema [43] ; (4) polymeric = intracapsular foci of particulate, intermediate signal intensity debris [44] ; and (5) mildly abnormal, maximal inferomedial synovial thickness in the coronal plane, synovial volume, presence of synovial decompression, and ALTR grade (none, mild, moderate, severe). A single characterization of the soft tissues, assigned by the synovial classification, was used to facilitate subsequent statistical comparisons. All grading was performed in a blinded fashion to implant design and composition, corresponding radiographs, subsequent histology, implant wear, and corrosion data. A second musculoskeletal radiologist (AJB) with 10 years of experience independently evaluated all images to assess repeatability of the synovial classification. Gwet's AC1 was used to assess inter-and intrarater agreement of MR synovial classification between the two readers and found an interrater agreement of substantial to almost perfect (AC1 range, 0.65-0.97) and an intrarater agreement of moderate to almost perfect (AC1 range, 0.59-0.99).
Preoperative imaging was also used to identify locations of interest for intraoperative tissue sampling. Tissue samples (approximately 5 cm 3 ) of the synovium were acquired based on the preoperative MRI. Tissue samples were fixed in 10% buffered formalin for 24 hours, processed, embedded, and cut following standard procedures. Sections from each block were stained with hematoxylin and eosin. The tissue samples were evaluated by a board-certified pathologist (TB) with > 20 years of experience evaluating soft tissue near arthroplasty using Campbell's aseptic lymphocyte-dominated vasculitis-associated lesion (ALVAL) score [6] and the Natu [36] and Fujishiro [13] grading methods, which semiquantitatively grade the presence/extent of histiocytes, particle types, and tissue (n = 12) (n = 24) (n = 27) (n = 16) (n = 1) particle load. To acknowledge the known limitations of repeatability of the different grading methods [47] and to facilitate subsequent statistical comparisons, each hip was assigned a single overall assessment: acellular membrane = no inflammation with few macrophages; classic ALVAL = diffuse and perivascular lymphocytes, laminated membrane, presence of gray/green particles; particle reaction = macrophages containing particles with minimal perivascular chronic inflammation; extensive necrosis; and infection = five or greater neutrophils in each of five or greater x 400 fields. All grading was performed in a blinded fashion to implant design and preoperative imaging. Gwet's AC1 was used to assess intrarater agreement of overall histologic assessment with almost perfect agreement (AC1, 0.92; 95% CI, 0.85-0.99).
Retrieved polyethylene liners were digitized with a three-dimensional (3-D) laser scanner (range 7; Konica Minolta, Ramsey, NJ, USA) to create 3-D models in Geomagic Qualify (Version 12; Morrisville, NC, USA). Each model was aligned to a sphere the size of the femoral head that had articulated against the liner. Dimensional deviations between the liner model and femoral head model, indicative of wear and/or deformation, were calculated. Volumetric deviations > 285 mm 3 were considered clinically relevant assuming polyethylene manufacturing tolerances of 6 0.14 mm. The head and cup components of selected MoM implants (MoM: n = 5 [14%], HRA: n = 3 [16%]) also underwent contactless scanning (RedLux, Southampton, UK). The selection was based on the availability of retrieved components, the associated MRI classification, and the gross appearance of the retrieved implants. The point clouds were compared with best fit spheres fitted to the unworn portion to calculate linear wear and volumetric wear. When available, the stem trunnion (male component) or femoral head taper (female component) and articulations of modular neck designs were visually graded for fretting and corrosion [14] . Each trunnion or taper was examined and graded independently by two experienced observers (CE, EB) and categorized as having 1 = none; 2 = mild; 3 = moderate; or 4 = severe fretting or corrosion. Gwet's AC2 was used to assess interrater agreement as well as intrarater agreement of corrosion and fretting the two readers. The analysis found an interrater agreement of moderate to substantial across the features evaluated (AC2 range, 0.60-0.79) and an intrarater agreement of moderate to substantial across the features evaluated (AC2 range, 0.41-0.80). 
Statistical Analyses
Continuous variables are presented as means with SDs or medians with third and third quartiles. Ordinal variables are presented as medians with first and third quartiles or counts and percentages. Nominal categorical variables are presented as counts and percentages. Continuous variables were compared between more than two groups using analysis of variance or Kruskal-Wallis tests and between pairs of groups using two-sample t-tests or Wilcoxon ranksum tests. Ordinal variables were compared among more than two groups using Kruskal-Wallis tests and between pairs of groups using Wilcoxon rank-sum tests or CochranArmitage trend tests. Nominal categorical variables were compared between groups using chi-square or Fisher's exact tests. Spearman's rank correlation (r) was used to assess agreement between continuous and ordinal variables. Probability values < 0.05 were considered to be statistically significant and were adjusted for multiple testing using the Holm-Bonferroni stepdown method. All analyses utilized available data sets (that is, data were not imputed) and were two-sided (SAS Version 9.3; SAS Institute, Cary, NC, USA).
Results

Comparison of MRI Metrics to Implant Type and Histologic Evaluation
Synovial thicknesses differed by implant type ( Fig. 2 ; MRI synovial thickness differed by histologic classification (Table 5) (Fig. 3) and larger than particle reaction (3.3 [2.1-4.6], p = 0.003). Classic ALVAL had a larger MRI synovial thickness than particle reaction (p < 0.001; Fig. 3 ). MRI synovial volume differed by histologic classification (Fig. 4) with acellular membrane (4 [2] [3] [4] [5] [6] [7] [8] [9] ) having the least synovial volume present across all histologic classifications. Extensive necrosis had the greatest synovial volume (163 [78-225]) and was larger than classic ALVAL (33 , p = 0.019) and particle reaction (14 , p = 0.009). Classic ALVAL had greater synovial volume than particle reaction (p = 0.019). Weak to moderate positive correlations (Table 6) . A greater degree of nonmetallic particle load (Fujishiro) was found for hips classified as polymeric on MRI; however, a greater degree of metal particles (Fujishiro) was not found for hips that had low signal intensity on MRI. (Table 7 ). In addition, differences in the distribution of severity of corrosion and fretting on retrieved femoral heads and femoral tapers were found by the presence of low signal intensity deposits on MR images. Less corrosion and fretting was associated with MRI synovial classification normal, mildly abnormal, or polymeric, whereas greater corrosion and fretting was associated with a higher prevalence of low signal intensity deposits on MRI (Table 7) . In 10 MoM bearings measured for volumetric wear, increasing severity of MRI ALTR grade correlated with higher volumetric wear on the femoral head (Table 8 ; †two hips did not have data available for analysis; ALVAL = aseptic lymphocyte-dominated vasculitis-associated lesion. Fig. 3 A box-and-whisker diagram, and associated data points, display that the MRI synovial thickness by the histologic classification of acellular membrane was thinner than classic ALVAL (p < 0.001) and extensive necrosis (p = 0.004). In addition, extensive necrosis had a greater synovial thickness than particle reaction (p = 0.003), and classic ALVAL had a larger synovial thickness than the classification of particle reaction (p = 0.002).
Discussion
Clinical outcomes of THA are largely successful; however, the generation of wear debris and corrosion products has been implicated in severe ALTRs. Prior studies used MRI to noninvasively evaluate ALTRs, but correlations between the MRI outcomes and clinically or biologically relevant findings were not performed. We correlated indirect MRI findings with direct assessment of implant wear and intraoperative and histologic Fig. 4 A box-and-whisker diagram, and associated data points, display that the MRI synovial volume of the acellular membrane classification had the least synovial volume across all histologic categories (*p < 0.013), and extensive necrosis had a synovial volume larger than the classifications of classic ALVAL (p = 0.019) and particle reaction (p = 0.009). In addition, classic ALVAL had a greater MRI synovial volume than particle reaction (p = 0.019). found between MRI and histology with the MR grading protocol able to distinguish major patterns of synovial response. Although strong correlations were found between volumetric wear and serum ion levels, MRI has the distinct advantage of directly visualizing the synovial reaction and determining the degree of attendant soft tissue damage, because patients may demonstrate elevated ion levels but not mount an inflammatory reaction to the wear debris. This study had several limitations. First, the goals of this study required an assessment of implant wear and corrosion and could only be accomplished by requiring the participants to be indicated for revision surgery. Therefore, this study could not determine the rate change in the prevalence of ALTRs as related to wear and corrosion, but only provides evaluation at a single time point across different implant designs. Future studies may be performed that focus on the longitudinal assessment of a painful arthroplasty to determine appropriate clinical followup measures. Second, we did not evaluate specific arthroplasty design factors such as head size and manufacturer or risk factors common in revision of total joint arthroplasty such an anteversion or inclination angles or the association between LOI/reason for revision and synovial volume or similar metrics. We anticipate that implants with larger heads may produce more wear debris and could display a corresponding larger synovial thickness and synovial volume when using MRI as well as a larger particle load from corresponding histology in many cases. However, a strength of the study is that our methods and findings, a one-to-one evaluation of appearance on MRI to implant wear and corrosion through histologic and biomechanical evaluation, were not specific to one particular implant design, primary bearing surface, or level of modularity. MRI provides a noninvasive means to evaluate the synovial and soft tissue response from THAs independent of implant manufacturer or operative technique.
Third, the sampling for assessment of blood serum ions was performed within our institution and these methods do not utilize needles or syringes confirmed to be free of metallic contamination that could have confounded the resulting chromium levels [31] . In addition, glass tubes were used for specimen sampling rather than plastic vials, which could lead to leaching of trace amount of metals into the samples [31] . However, we believe the effects to be minimal because the serum levels of nonmodular THAs and THA without metal-on-metal bearing surfaces displayed little to no presence of cobalt or chromium (Table 2) .
Fourth, the methods of MRI, histologic, and corrosion assessment used in the study are subject to assessment bias by the individuals performing the evaluations. The training and experience of each of the examiners could have affected the results and the interpretations of our findings. A repeatability analysis was performed for the qualitative MRI, histologic, and corrosion grading metrics to determine the intra-and interexaminer level of agreement. The results found moderate to almost perfect agreement for each of the analyses performed. Although the levels of agreement for corrosion are similar to what has been reported [19] , the MRI grading methods have a higher level of agreement than what has been reported when evaluating MoM constructs [48] (k = 0.43 using [2] , k = 0.44 using [18] , and k = 0.49 using [33] ) and histologic evaluation using original and modified ALVAL scores for patients undergoing MoM THA [47] (intraclass correlation coefficient, 0.38-0.5 and less for individual parameters). We acknowledge the different compositions of implant types in our subject sample, in which we included constructs that contained polyethylene and ceramics; however, the measures of better repeatability could also be attributable to assignment of an overall category rather than assessment of a unique score or measurement. In addition, our category assignment methods are applicable to different implant constructs and not reserved for a single implant design such as MoM or HRA.
Fifth, the results may have been affected by a limited number of samples included in the analysis, even with the appropriate post hoc statistical analyses performed. We sought to perform RedLux scanning for all metal-on-metal bearing surfaces, but the devices were not available as a result of the legal proceedings associated with MoM bearing constructs as well as the cost associated with the scanning technique. We note the large 95% CIs associated with linear and volumetric wear measurements and believe that future studies would benefit from a larger number of sampled specimens. The methods of tissue sampling could have also influenced the lack of additional, or stronger, correlations with histology. Tissue sampling locations were decided based on preoperative MRI. Identifying the exact location from MRI in the operating room proved challenging. Newer MRI analysis techniques could be more sensitive to evaluate regional magnetic field perturbations in the presence of metallic deposits [22] . Future work would benefit from tissue samples acquired around the periphery of all THA articulations as well as tissuebased assays that can classify particle composition with greater accuracy than light microscopy.
The analysis found that not all MRI metrics differed by implant type. Relating our results to other studies is challenging because large cohort MRI studies have not been performed for direct comparison of outcomes across MoM, HRA, MoP, CoP, and CoC constructs, but instead have focused on individual implant constructs such as HRA [9, 39] and MoM [38, 39] or modular versus nonmodular constructs [34] . Furthermore, prior studies that correlated MRI findings with qualitative or quantitative assessment of wear or corrosion focused on MoM bearing surfaces (MoM [38, 39] or HRA [39] ) or modular MoP designs [37] with few studies evaluating traditional MoP [27, 52] , CoP, or CoC constructs. A recent study focused on corrosion at the taper in patients undergoing MoP THA and utilized preoperative imaging [27] but lacked the detailed MRI evaluation performed in this study or a qualitative assessment of corrosion. Another study used MRI to evaluate HRAs [9] but used a grading system [2] with no clinical correlate. Others utilized preoperative MRI for corrosion in MoP Volume 477, Number 1 [52] , but the implant corrosion was not graded and the MRIs were only assessed for lesion presence and solidity with no further analysis performed. One prior study performed MRI, histologic, and wear evaluation of patients undergoing MoP THA [40] , but all patients were indicated for revision as a result of ALTR on MRI (eight of nine with MRI [89%] graded as "severe") and eight of 10 (80%) patients with tissue samples had an ALVAL score $ 8. In contrast, only nine of 58 (15%; Table 4 ) patients undergoing MoP THA in the current study had an ALTR on MRI. In general, these prior studies found that ALTRs do exist in nonmetal articulation constructs, ALVAL scores are higher as compared with non-ALTR comparison groups, and that serum ion levels may also be elevated.
Our results also found differences in histologic classifications by MRI metrics. Again, comparison of our results to prior studies is challenging because each hip was given a single overall assessment for statistical analysis. ALVAL scores [6] are commonly used for histologic grading of ALTRs in patients undergoing MoM [42] , modular MoP [25, 49] , and MoP [10] THA, but the grading method was shown to only display fair to moderate repeatability [47] . The repeatability of our histologic evaluation displayed near perfect intraexaminer agreement. Our wear measurements compare favorably to a prior report of femoral head and acetabular cup wear measurements [42] . The HRA and MoM femoral head volumetric wear is within the reported 61 st and 91 st percentiles, respectively, indicating that the MoM samples from our cohort tended to have greater wear present at the time of revision. The acetabular volumetric wear for both MoM and HRA are within the 66 th percentile of the previous report. Direct comparison of the polyethylene deviation to previous studies is difficult, because only one prior study used a similar method but only reported the linear wear and not volumetric deviation [8] .
We recognize that the MRI classification of the synovium may be challenging, but the interrater examination of this method resulted in substantial to near perfect agreement, which is similar, if not better, than previous reports on the reliability MR-based grading systems for ALTRs [2, 50] . These results highlight the uniformity of assigning synovial classifications by different readers. We purposely enrolled all participants who met inclusion undergoing revision, regardless of bearing surface, implant size, and clinical indication for that revision, to assess the ability of MRI to detect specific synovial patterns across all bearing surfaces.
The MR grading found that the morphologic factors of synovial thickness and volume differed by type of synovitis with the largest thickness and volume found in patients with mixed synovitis. The relationships between the MR metrics and synovial classifications with wear analysis also provided a means of validating items detected on MRI. Previous MRI classification methods have been based on display characteristics of the ALTR and lacked a direct clinical correlate [2, 18] .
We also found that MRI displayed synovial responses, confirmed by histologic evaluation, which are unique to specific implant constructs. An MRI classification of polymeric (Fig. 5 ) was predominantly seen in MoP constructs and corresponded to tissue samples that displayed copious macrophages, indicative of the classic hostmediated polyethylene response. In addition, synovial tissues with the MRI classification of ALTR were predominantly MoM or modular constructs (Fig. 6 ). We noted that the modular designs presented with MRI features of ALTR including synovial thickness that were also commonly seen in MoM but not in MoP constructs. These results indicate that the interfaces at the head-neck and/or neck-stem junctions are the likely dominant factors of ALTR on MRI. These results correspond well to a previous report of a recalled modular MoP that found corrosion on all tapers at the neck-stem junction [37] . For patients with unilateral THA, serum ion levels were elevated in THAs with MoM articulations. However, the weak to moderate correlations of the serum ion levels with MRI indicate the variability of utilizing a systemic metric such as ion levels to assess tissues around THA. Furthermore, the utility of serum ion levels was limited for a group of patients with low serum ion (< 7 ppb) but with exceedingly large synovial thicknesses. This finding was not just isolated to MoM articulations but was also found in patients with MoP, indicating that trunnion design factors may adversely affect fretting and corrosion, as shown for a representative patient with an MoP implant (Fig. 7) . Our results are in agreement with a previous study [32] in not only demonstrating that ion levels may be an insufficient screening mechanism for ALTRs in patients receiving MoM implants, but also that using serum ion levels to evaluate corrosion may not be applicable to other THA designs. Metal ions provide an assessment of implant wear, but MRI has the advantage of noninvasively and directly visualizing the magnitude of the variable host response and potential soft tissue damage.
In this study, we found that MRI provides a means of direct, noninvasive visualization of the patient's synovial response to the implanted hip arthroplasty. The methods of MRI, histologic, and corrosion evaluation used in this study were previously documented in the relevant literature. Although contactless scanning of implants performed in this study required highly specialized equipment, the methods used for MRI, histology, and corrosion evaluation can be implemented using information routinely acquired as part of standard of care examination of a patient at an individual institution. In general, MRI may be used to evaluate patients who present with painful arthroplasty to aid in identifying the cause of discomfort, specifically to highlight any concerning synovial reactions that would warrant more prompt surgical intervention. An MRI that displays a chronic polymeric reaction with focal osteolysis may indicate careful observation, whereas an MRI that displays intracapsular ALTR likely warrants early revision before the process has spread to the abductors and adjacent soft tissue envelope with its attendant soft tissue destruction. In the absence of abnormal host-mediated synovial responses, the MRI can also evaluate for other conditions causing pain, including abductor and psoas tendinopathy, stress reactions/occult fractures, and cup impingement. In recalled implants or those at risk for ALTR/metallosis, the MRI can be used to screen for clinically silent ALTR in asymptomatic patients.
Furthermore, we anticipate these methods may be used to assess new THA constructs in the future, similar to what was performed for modular neck THA and the associated early revision for this implant design. Future studies that utilize MRI to prospectively evaluate different implant designs will be necessary to assess the longitudinal natural history of arthroplasty complications, including the development and prevalence of ALTR across bearing constructs and component integration. It would also be beneficial to integrate the influence of mixed metal taper junctions [29] and flexural rigidity [21] in the development of ALTRs.
This current comprehensive analysis correlates noninvasive MRI measures with biologically relevant histologic analyses and direct measures of wear. These data illustrate the value of MRI as a diagnostic tool to evaluate THA, having a positive impact on the management of patients at risk for revision surgery.
